60GW and cost £58 billion. Energy storage capacity requirements vary depending on the selected technology. Rated capacity was estimated to be 14GW with storage capacity of 3TWh for pumped storage, 11GW and 2.3TWh for liquid air, and 65GW and 13.6TWh for hydrogen storage, at a cost of £65, £76 and £45 billion respectively. This paper indicates that storing hydrogen in underground caverns would offer the cheapest solution. However, whilst these technological solutions can address generation and demand imbalance in a fully renewable electricity grid, there remain barriers to each technology.
Background
It is highly likely that an extensive de-carbonisation of the energy supply sector as is highlighted by the targets set by the European Commission Roadmap 2050 [1] will mandatory in the future. The UK Low Carbon Transition Plan [2] includes energy sources such as wave, tidal, geothermal and solar, but mainly onshore and offshore wind as likely technologies to provide carbon free electricity generation. These sources are, by their very nature, variable and in most cases unpredictable which creates challenges for distribution, grid stability and standby plant [3] . At present, the real-time balancing of the supply and demand of electricity on the electricity grid is carried out by flexible fossil fuelled power plants which are capable of increasing or decreasing output rapidly as required by the grid operator.
However, in a future renewable only electricity grid network, this balancing will have to be achieved using alternative technologies such as demand side management, interconnectors and energy storage.
For these reasons, various studies have been conducted to investigate the applicability of using 100% renewable energy in various systems. These studies have been undertaken using a variety of methods from a global [4] and continental [5] [6] [7] scale, as well as for countries: Denmark [8] , Macedonia [9] , Croatia [10] , Portugal [11] , Ireland [12] , New Zealand [13] , and Australia [14] ; municipalities: Aalborg [15] ; cities: Frederikshavn [16] ; islands: Island of Mljet [17] , Island of S. Vicente [18] and Island of Porto Santo [19] .The overall conclusion is that the development of such systems with existing technologies is possible and "it is not a matter of technology, but rather a matter of making the right choices today to shape tomorrow" [20] . This is to say that if issues related to public perception of renewable technologies, such as visual aesthetic, and the upfront capital cost are addressed, then current technology is capable of delivering the required energy demands.
However, at present, balancing and variability remain an issue unless a country or region has access to suitable energy storage such as large capacity pumped hydro.
A number of studies discuss the importance of integrating renewables with the heating sector, creating a whole energy system. This is the case of Denmark, whereby variable generation from renewable sources is being successfully integrated with the district heating network that provides consumers with heat from combined heat and power (CHP) plants [21] [22] [23] .
However, the constraints of existing UK heat and electricity networks mean that the integration of these systems is unlikely in the near future and therefore for this study is omitted at this point.
This study considers the generation and demand challenge of a 100% renewable UK electricity grid and how this can be addressed with interconnection or energy storage. Some of the main drivers and barriers considered are illustrated in Figure 1 . 
Approach
This study focuses on creating a viable future UK electricity mix using renewable energy sources and achieving balancing of generation and demand through interconnection or energy storage. The main aim is to ensure security of supply throughout the year. This focus was chosen to investigate the potential technological solutions to ensure electricity demand is met in a hypothetical future scenario where there is no use of fossil fuels, therefore no use of carbon capture and storage (CCS) technologies, and no external imports of fuel, meaning no nuclear generation. In reality, it appears that by 2050 there will be up to 18 GW of new nuclear operating on the UK grid, operated as base load generation throughout the year. This effectively acts as an offset to the scenarios considered here. The assumption for this study is that the UK is considered as an isolated grid, except when investigating the use of interconnection with the European electricity network. In this instance, it is assumed that the European network is capable of meeting all of the UK import and export requirements fully if suitably sized. The study only considers a snapshot view of the year 2050 and does not consider the grid development up to the scenario in question. However, where there are planned and proposed network upgrades and renewable capacity developments, these have been included where appropriate in the study. The study also focuses on the high voltage (HV) transmission network owned and operated by National Grid (NG), the transmission system operator (TSO) for the UK. To enable a better understanding of the demand requirements within this network, NG has divided the network using 17 boundaries which confine areas or zones within the grid that are considered as blocks that have their own generation and demand requirements [24] . The system zones are depicted in Figure 8 . Each zone has a number of electricity generators within it. However, not all generation in each zone is consumed within the zone; therefore in some cases there is a transmission of excess generation to neighbouring zones where there is a demand. This produces power flows between zones around the network towards the centres of consumption in cities and generally from North to South
Methodology
To form the model, hourly or half-hourly data has been collected where possible for electricity demand and generation from renewable energy sources (RES) on the UK electricity network. The year 2011 has been chosen as the baseline as it provides an up to date dataset and was found to be an 'average' year, based on the ratio of the yearly minimum to maximum demand compared with the previous 10 years. In terms of the weather, 2011 was found to be 0.5°C above the 1971-2000 average temperature [25] .It was also found that the average wind speed of 4.6 m/s in 2011 was 0.05 m/s higher than the 10 year mean (2002 to 2011), however, it was shown to be less windy than average in the first quarter of the year and the reverse was observed in the final quarter of the year [26] . These factors make the 2011 demand profile representative of 'normal' operation of the electricity network. The main sources of data collected for this study and the way in which they are used are described in Table 1 . Data averaged to produce an hourly demand profile for the UK which has subsequently been scaled up for future scenarios [27] Half-hourly electricity generated from onshore wind data for the UK in 2011 Data averaged to produce an hourly generation profile from wind which has been scaled and used for future onshore wind supply [28] Hourly wind data at selected UK weather stations for 2011 Data used in the calculation of potential output from future offshore wind farms [29] Hourly [29] For the purposes of this study it was decided to consider two future demand scenarios that have been introduced by Elders, Ault [31] to illustrate how demand can be met by renewable energy sources and the requirements needed to maintain security of supply. In addition, the effect of electrification of domestic heating and hot water of 34 million households, calculated as the housing stock in the UK in 2050 assuming demolition of old housing stock, refurbishment of existing and new build [32] , using air source heat pumps (ASHP) and the uptake of 7 million plug-in electric vehicles (EV) has been added to each scenario. This number has been calculated using an existing projection of ~500,000 battery electric vehicles (BEV) and ~1.5 million plug-in hybrid vehicles (PHEV) by 2030 [33] . It is assumed that there is an accelerated growth for each vehicle class by 2050 to 2 million BEV and 5 million PHEV. The selected demand scenarios used and their respective demands are given in Table 2 . This selection provides four fundamentally different, yet plausible demand scenarios for discussion. The hourly 2011 demand profile determined from actual data has been linearly scaled to match the projected future annual electricity demands in each of the scenarios introduced. In the case of the original scenarios with ASHP and EV, it has been assumed that heating demand only occurs during the six winter months (October through to March), whereas hot water demand and vehicle charging demand will occur uniformly throughout the year. It has been proposed that demand-side management of the electricity load will be used in the future in order to control daily peak loads. Blecourt [35] suggests that up to 16% of the domestic peak can be shifted to the 'valley' hours during the night using smart appliances. A review of past and present demand-side trials has concluded that flexible loads have the potential to reduce peak demand between 1% and 12% [36] . It has been assumed for this study that 10% of the demand of the top six hours in each day can be shifted to the lowest six hours using flexible loads in the domestic and industrial sectors, thereby reducing peak demand requirements.
A report by Gardner [37] has estimated the total UK renewable energy resource capacity as well as the practicable capacity that can be exploited.
The capacities discussed in Gardner [37] have been used as the base from which the four scenarios have been calculated. It was found however that,
given the demand projections used in this study, more installed capacity would be required than has been calculated in the scenarios used by Gardner [37] . Differences were also found in load factors and generation yield from investigations of actual weather data. Therefore, it has been assumed that for the purposes of this study the capacity of offshore wind will be scaled to meet the respective demand scenarios whilst the balance of the installed capacity (onshore wind, PV, tidal, bioenergy, hydro and geothermal) remains unchanged across all four scenarios and that the calculated load factors and yield from existing weather data are used. The renewable installed capacity and yearly generation mix given by Gardner [37] and the calculated capacity and generation mix by scenario of this study are summarised in Table 3 .
These capacities have been calculated as the minimum installed mix required to meet the yearly electricity demand for each scenario and do not, at this stage, consider the effects of variability of generation. The estimated capital expenditure (CAPEX) costs per scenario have been calculated using projected technology capital costs for 2030 [38, 39] and are described in Table 3 . Note that these costs represent the full cost of installing the required future renewable capacity if it were to be commissioned and installed in one year.
The 2011 wind generation profile obtained from ELEXON, the balancing and settlement code company, is used as the onshore wind generation profile for the future scenarios from which the average load factor for the year has been used to calculate the generation output. The extra required capacity is assumed to be installed in existing wind farms across the UK. The offshore wind generation profile has been calculated using calculated load factors and wind speeds for the Round 3 offshore wind farm locations set out in the UK Offshore Wind Report [40] , and assuming a range of future wind turbine sizes up to a maximum of 10MW obtained from proposed developments in the Round 3 sites [41] . As discussed, these have been scaled for each scenario in order to meet the calculated demand. For the purpose of this study, it has been assumed that solar photovoltaic (PV) capacity will be distributed rather than at concentrated installations or solar farms due to land cover issues and planning constraints [42] . Additionally, recent government policy is looking at biasing installation of PV systems to rooftops in the future [43] . For these reasons, the PV capacity has been calculated assuming installation on a nominal third of all UK households, calculated as being 26 million in 2011 for the whole of the UK [44, 45] . The installed system per household would be 3kW, taking up a total of 24m 2 per roof, assuming the use of present day monocrystalline technology. Existing installation data of PV systems up to 4kW shows that in the year 2013, 1.5%
of the building stock installed PV systems across the UK [46] , suggesting that the proposed target is achievable if current uptake is maintained. The UK housing data was divided up into the National Grid transmission zones, and from this each zone was assigned to the nearest of four weather stations as detailed in Table 4 : 
PV generation from each zone was calculated using TRNSYS [47] to give a yearly generation profile based on 2011 weather data and given the constraints that 50% of the housing stock with PV systems installed have
South facing projections and of the remainder each have 25% East and West facing projections at a suitable slope of 30° from horizon. The tidal resource in the UK is estimated to be one of the best in Europe, with around 50% of the European resource in UK waters [48] . However, due to environmental constraints and the difficulty in extracting the resource, it has been assumed that generation is restricted to the Pentland Firth in Scotland as this is one of the best resources available and poses least constraints in terms of exploiting the resource. The generation profile has been calculated based on modelling output from the National Oceanography Centre's High Resolution UKCS model [30] for the Pentland Firth and existing tidal current conversion characteristics [49] . These technologies, onshore wind, offshore wind, distributed PV and tidal, make up the variable generation of the future scenarios considered in this study.
It has been assumed for this study that the available capacity from hydro, bioenergy and geothermal are available as dispatchable generation and are operated only when the output from wind generation is less than the demand profile. The yearly generation output for these technologies was carried over from the Gardner [37] report, however the installed capacity has been adjusted to reflect the new operation regime. Bioenergy capacity is assumed to be centralised plant that has been converted from coal burning plant [50] . The increased capacity of 14 GW is still within the estimated maximum exploitable UK bioenergy capacity of 22 GW [37] . The geothermal potential in the UK has been investigated by Sinclair Knight Merz (SKM [51] .
The findings of this report conclude that there is enough capacity to supply the 5 GW of resource required for this study and also provides an estimate of the output by region. Gardner [37] suggests that a hydro capacity of 4 GW is required in the future, however it was found that the additional future capacity in England and Wales is estimated at up to only 248 MW [52] and for Scotland up to 657 MW [53] . Given the operating schedule of hydro in this study, a lower capacity of 2 GW was chosen, including existing installed capacity, which is within future additional resource estimates. Figure 2 illustrates the model inputs and outputs considered for this study. It was assumed that there would be a degree of demand-side management available to help reduce the effects of peak demand throughout the day. For this study it was assumed that 10% of the demand load of the six peak hours could be 'time-shifted' to the valley hours, the six hours when demand is at its lowest.
The main points discussed next are generation variability, balancing mechanisms and the power flows across the UK network for the BAU scenario.
Figure 2: Schematic of the balanced UK electricity supply and demand model inputs and outputs

Results
As discussed, this study focuses on the fully renewable UK electricity grid.
Having such a scenario means that it is inevitable that the generation of electricity will be variable due to the nature of the sources. One of the main issues occurs when generation from renewables does not meet the demand and balancing mechanisms need to be put in place for these events [54] .
Given the data, future demand and renewable yield estimate approaches, UK grid demand profiles were generated for the future scenarios and representative generation profiles from the various RES. Figure 3 depicts the demand profile for the BAU scenario that has a maximum demand of 89GW during the winter and minimum of 40GW during the summer. It also illustrates the generation profile from wind, onshore and offshore combined, the variable generation from solar PV and tidal, and the total dispatchable generation from hydro, bioenergy and geothermal. It can be seen that the main generation comes from wind with a peak output of 105GW. However,
there are large portions of the year during which wind output is less than the minimum demand. The overall contribution from PV and tidal is relatively small with a maximum output of 28GW during the summer. The total dispatchable generation that is available when the variable generation is below demand is 21GW.
The key rules followed to obtain these profiles are: This process has been undertaken for all four scenarios. These datasets provide the specification of the generation and demand balance that must be achieved through options such as interconnection or energy storage.
Option 1: Interconnection
A potential solution to balancing the variability of generation from RES is by using neighbouring electricity grids as a source that can provide generation when RES generation is below demand, and a source of demand when there is excess generation from RES. In the UK, this is already achieved at a limited level through sub-sea HVDC cables known as interconnectors to France, Ireland and Belgium. Due to the physical process of transmitting electricity via HVDC interconnectors, this typically carries a loss penalty of 2% of the transmitted electricity [55] . The current installed capacity is 4GW and it provides a balancing mechanism between the UK grid and the grid of the connected countries [56] . The use of interconnectors to integrate large quantities of RES has been investigated widely and has been highlighted as a major contributor to enabling high penetrations of variable generation on the electricity network [57, 58] . A major study of future wind penetration scenarios and the enabling characteristics of interconnection found that investing in interconnection for scenarios with high levels of wind power reduced network constraints and maximised the use of RES [59] . Work by Czisch and Giebel [60] also point to the possibility of creating a 'supergrid'
of HV interconnection to maximise integration of large renewable resources over large footprints in order to ensure security of supply.
This study considers interconnection as a solution to the generation-demand imbalance from a fully renewable electricity generation network as one possible solution, assuming the interconnector is able to balance the active and reactive power in the system, like a slack bus. Figure 4 depicts the import and export requirements of an interconnector for the whole year in the BAU scenario needed to maintain a balanced grid from which it is possible to calculate the interconnector requirements. It was found that the export requirements exceed the import requirements in all scenarios.
Figure 4: Calculated BAU scenario hourly import and export requirements to maintain grid balance
The required interconnector capacities for all four scenarios are summarised in Table 5 . Due to the losses incurred in the transmission of electricity via the interconnector, the installed offshore wind capacity is increased to account for this. In order to maintain grid stability and ensure demand is met, the crucial capacity that would need to be delivered is the import capacity. For the occasions when there is excess generation over the capacity limit of the interconnector, it is assumed that the electricity can be sold to industry to produce hydrogen, for example, or the generation can be shed through reducing the output from wind farms. As has been discussed, the present interconnector capacity is 4GW so proposing scenarios with up to 83GW of interconnector capacity is difficult to envisage at present, even if the European grid's capability is not considered as a limitation. [62] have been used to give the interconnector costs based on distance between countries, capacity, technology used and landing terminals at either end. The calculated costs are also compared to the UK gross domestic product (GDP) in 2012 of £1.5 trillion [63] . The summary of interconnector costs can be seen in Table 6 . Further analysis suggests that there is no economic case for adding interconnector capacity beyond the import requirement. interconnector it is possible to obtain revenue from the sale of excess electricity generation to industry; however, these revenues are an order of magnitude lower than the interconnector cost. Taking a wholesale electricity price of £70/MWh [64] , a revenue of nearly £5 million could be realised from the excess renewable generation. Table 7 summarises the findings from this analysis. There are a number of studies that review the various energy storage technologies and applicability of these for the integration of renewable energy sources into electricity grids as well as other ancillary services that they can provide [68] , [69] , [70] , [71] . One important study considers compressed air energy storage (CAES) to enable the integration of wind generation onto the electricity grid in the United States [72] . In the study, the benefits of the location of the CAES system on the network relative to the generation site is calculated and compared to the cost of installing additional transmission capacity to remote off-network areas. This approach is not considered in the specific case of this study as it assumed that the majority of renewable generation will be from offshore wind farms. Therefore it is assumed that the cost of installing connections to the grid network will be a necessity and there are substantial technological issues with co-locating storage with generation off-shore.
It is proposed for this study to only consider technologies capable of storing large quantities of electricity over long periods, as likely requirements are in the order of 43TWh. It is further assumed that, at this stage, only three large scale technologies that connect directly to the high voltage (HV) network are discussed for comparison, therefore discounting technologies such as flywheels, batteries and supercapacitors, even if aggregated in such a way as to provide the required storage requirements.
From the variability investigation it is possible to estimate the energy storage requirements for each scenario. The storage requirements can be calculated by running a cumulative total of the hourly import and export requirements over the year. The energy storage size is determined through an iterative process, whereby the 'store' is assumed to begin full with a capacity 'X' at the start of the year and is iteratively resolved to a storage 'Y' at the end of the year. When there is an import requirement (e.g. generation is less than demand) the 'store' starts to empty until there is an excess of generation (e.g. export requirement) when the 'store' starts to refill. Figure 6 highlights that the lowest point, or the empty point of the 'store', is reached at 30TWh at hour 2,800 for the BAU scenario, after which there is sufficient net generation over the remainder of the year to end the year full. This profile was observed as the wind speeds in 2011 happened to be lower than average in the first quarter of the year, when demand was high, and higher than average in the last quarter of the year.
Figure 6: Calculated annual electricity storage profile for the UK BAU scenario
Further analysis was carried out to calculate the required characteristics of an ideal energy storage technology based on the renewable mix calculated for each scenario. These are summarised in Table 8 . In addition to this, three potential large scale energy storage technologies are considered for their suitability in each scenario: pumped storage (PS), liquid air energy storage (LAES) and hydrogen (H2). The proposed energy storage technologies have electrical, mechanical and state change inefficiencies meaning more installed capacity is required on the grid to account for this. The roundtrip efficiency used for PS facilities is 80%, for LAES technology efficiency is estimated at 60% (Strbac et al., 2012) and for H2 the expected value is 45% for roundtrip efficiency due to the two-step nature of using electricity to produce hydrogen which is stored until it is converted back to electricity through a fuel cell or in direct combustion (Schoenung, 2011) . The proposed offshore wind capacity is again scaled in each scenario to accommodate the losses from storing excess generation.
The calculated extra offshore wind capacity required and storage requirements for each scenario are also summarised in Table 8 Further investigation has been carried out to explore the optimal mix of storage and offshore wind capacity for each scenario in terms of installed capital cost. The capital cost estimate for offshore wind capacity used in this study is £1.78 million/MW [38] . The cost estimate for PS installations used in this study is £0.92 million/MW [73] . In the BAU scenario, the lowest capital cost could be achieved by installing an additional 5GW of offshore wind capacity combined with 65GW of hydrogen capacity stored in caverns at an additional cost of £45 billion (see (a) in Figure 7 ). This has been calculated iteratively by determining the optimal storage capacity required and resolving for the additional wind capacity required to ensure demand is met throughout the year. This provides the most cost effective solution between energy storage and extra installed offshore wind capacity.
To put this into context, to date there is a total of 141 GW of installed and operational energy storage capacity worldwide [76] , most of which is pumped storage. In the context of the UK, pumped storage facilities are already in operation (for example the 1.6GW/10GWh capacity Dinorwig facility in North Wales). However, there is only a potential for the total installed rated capacity to be increased to 4GW with a combined storage capacity of 864GWh [77] . If this is taken to be the maximum capacity available for pumped storage in the UK for BAU scenario, the calculated additional offshore wind capacity is 38GW and would incur a combined capital cost of £72 billion (see (b) in Figure 7 ). To put into context the amount of storage required for LAES, the Isle of Grain liquefied natural gas (LNG) storage facility has been used as a comparison. The facility has a storage capacity of 956,000m 3 [78] and LAES is assumed to need 39,000m 
Existing UK electricity grid suitability
As discussed, the UK network is divided into 17 individual zones, within which there is a specific electricity demand and electricity generation [82] .
Using these zones, it is possible to determine the future renewable generation by zone for each scenario based on the location of existing and [82] and calculated for 2050 BAU scenario
Due to the large increase in the calculated offshore wind farms in the future scenarios there are larger generation flows in zones 1, 7 and 12 implying that the transmission network would require upgrades here. These bottlenecks could also be ideal locations for targeted bulk energy storage installations to ease network congestion and defer transmission upgrades.
Conclusions
This study has introduced potential renewable energy mixes for the UK that meet proposed annual proposed electricity demands set out in this study.
The estimated capital costs for these scenarios range from £200 to £353
billion. However, when considering the hourly demand and generation profiles, the issue of generation variability becomes apparent due to the variable sources such as wind and solar PV. It was found that the level of available dispatchable generation in the UK (hydro, bioenergy and geothermal) in these scenarios is insufficient to meet demand when there is only a small contribution from wind due to high pressure systems (anticyclones) across the whole of the UK. A range of technological solutions to balance the generation and demand of UK electricity grid have been discussed. The first option introduced is interconnection between the UK and European electricity networks to import electricity when generation is lower than demand and export surplus electricity when generation is greater than demand. It was calculated that an interconnector capacity of 60GW at an extra cost of £58 billion would be required for the BAU scenario. However, as discussed, this is dependent on the European electricity network being capable of accommodating these levels of import and export throughout the year. The second option introduced is large scale energy storage considering pumped storage (PS), liquid air energy storage (LAES) or hydrogen (H2) as potential solutions. Analysis was carried by varying the amount of offshore wind capacity and energy storage capacity to find optimum solutions. It was found that for the BAU scenario the optimum solution would be 65GW of rated hydrogen capacity and 13,645GWh of storage in underground caverns with an extra 5GW of wind capacity at an additional cost of £45 billion.
However, there remain some uncertainties as to the technological and commercial viability of this option as there are no real world applications of this solution to date. A more realistic solution would be to utilise 4GW of rated pumped storage capacity (864GWh storage capacity) with an extra wind capacity of 38GW at an estimated additional cost of £72 billion. This solution employs mature technology which has been proven to work on electricity grids at large scales.
In reality, a mix of interconnection and energy storage technologies is required to ensure the future highly variable electricity grid is viable. Further detailed investigations are required to fully understand the likely combinations as this is a complex question. The trade-offs to be investigated centre around the location of interconnectors and energy storage: hydrogen storage in salt caverns is constrained to the North-West of England and would require network upgrading to transmit the electricity, whereas interconnectors can be installed where required closer to the load centres.
In addition, consumer behaviour towards electricity usage will help reduce the amount of balancing required. However, one of the most important factors to the viability of the fully renewable electricity grid is the market structure and the governing energy policy. Furthermore, investment in key network upgrades and renewable capacity is needed now in order to safeguard the future electricity grid.
